Data ( n = 2,658) from live animal ultrasonic measures from 17 Angus herds were used to evaluate a multiplicative mixed model that incorporates scaling factors to correct for across-herd heterogeneity of variance. Traits included were ribeye muscle area (EMA), surface fat at the P8 site (P8), surface fat between the 12th and 13th ribs (RIB12), and weight at scanning (WEIGHT). Cattle ranged in age from 501 to 698 d and represented 291 contemporary groups. Data were initially analyzed using single-trait, animal model, Method R procedures to estimate variance components and heritabilities ( h 2 ) . These estimates were incorporated into a multiplicative mixed model that simultaneously estimates breeding values (EBV) and heterogeneity factors. Reestimation of h 2 after scaling the data with the correction factors was explored to obtain a measure of the improvement in the genetic evaluation and to detect changes in ranking of individuals and herds. Initial h 2 estimates for EMA, P8, RIB12, and WEIGHT were .36, .39, .29, and .48, respectively. Scaling factors ranged from .25 for P8 in a herd with eight records to 1.96 for RIB12 in a herd with 86 individuals. Re-estimates of h 2 increased by an average of 4.2% for all the traits as a result of correcting for heterogeneity. Deviations of new scaling factors were within expectations. Correlations between EBV with and without heterogeneity correction were greater than .97 for all the traits. However, some substantial re-rankings of herds were observed for some traits in the smaller herds.
Introduction
Heterogeneous variances have been reported for performance in beef cattle (Garrick et al., 1989) . Ignoring heterogeneity may reduce the reliability of ranking and selection procedures based on Henderson's mixed model equations (Henderson, 1975) , which require appropriate variance components to provide solutions with BLUP properties.
A number of methods have been proposed to account for heteroskedasticity: arithmetic transformations (Everett et al., 1982) , scaling of observations with the residual or phenotypic standard deviation or some weighted functions of these (Visscher et al., 1991) , and treating random effects as separate traits in, for example, different environments . A different strategy is to fit multiplicative mixed model equations (Katchman and Everett, 1993; Meuwissen et al., 1996) .
Thus, the objective of this study was to evaluate the appropriateness of the multiplicative mixed model presented by Meuwissen et al. (1996) to handle data from live animal real-time ultrasound scans for the Angus breed measured at approximately 600 d of age when records are likely to be heterogeneous across herds. Re-estimation of variance components after scaling the data with the previously obtained multiplicative adjustment factors was explored to obtain a measure of the improvement in the breeding value evaluation and to detect changes in ranking of individuals across herds.
Materials and Methods
Data were from Angus herds that were participants in a large research project funded by the Meat Research Corporation and conducted by the Animal Table 1 . Number of observations, mean, SD, minimum, and maximum for scanning data: ribeye muscle area (EMA), surface fat at pins level (P8), surface fat between the 12th and the 13th ribs (RIB12), and scanning weight (WEIGHT) Genetics and Breeding Unit at the University of New England. Initial edits were performed to remove records with missing pedigree information and animals resulting from embryo transfer. The number of herds represented was 17, with numbers of observations ranging from 8 to 373 and averaging 156. Average age of dam was 4.9 yr, and average age at scanning was 587.6 d, ranging from 501 to 698 d. Contemporary group included the effects of herdyear, date of scanning, and user defined code (e.g., paddock). In addition, information regarding prior grouping of animals at weaning (i.e., weaning contemporary group) was included in the definition of contemporary group. A total of 291 levels existed in the data.
Of four real-time ultrasound scan operators used, only two recorded in more than one herd. With the exception of three herds, all the other herds were attended by only one operator. Also, the 25 steers presented in the data set belonged to the same herd that had 195 individuals. All of the 239 individuals observed in one herd were male. Therefore, special consideration was given to confounding between herd and sex and between herd and operator main effects as possible contributors to heterogeneous variances. Table 1 describes the data on carcass scan traits used in this study: ribeye muscle area ( EMA) , surface fat at the P8 site ( P8) , surface fat between the 12th and 13th ribs over the longissimus muscle ( RIB12) , and weight at scanning ( WEIGHT) . The P8 site is over the gluteus muscle on the rump, at the intersection of a line through the pin bone parallel to the chine and its perpendicular through the third sacral crest.
Records in herd i were modeled as:
where X is an incidence matrix relating observations to effects in vector b, which includes the fixed effects of sex, contemporary group, and operator as well as age of dam and age at scanning as covariates; Z is an incidence matrix relating observations to random additive genetic values in u; e is a vector of temporary environmental effects; and l i is the scaling factor for environment i (i.e., herd). The model in Equation [1] resembles the multiplicative mixed model of Kachman and Everett (1993) , which required obtaining and storing the contributions for each environment to finally build and solve a homogeneous second-degree polynomial for the multiplicative adjustment factors. The method is a computational challenge when the number of levels of the source of heteroskedasticity is high. However, the slight modification proposed by Meuwissen et al. (1996) , and explored in this study, can be implemented in estimation methods for large data files and, additionally, accounts for breed or genetic group effects and reduction in variance from selection.
Following Meuwissen et al. (1996) , the vector of multiplicative adjusting factors ( l) were updated between rounds and computed as
for the m th iteration and where b is a vector of unknown herd effects. Because the number of records per herd are likely to be large, the effects in b are assumed to be fixed and iteratively solved from the following Fisher scoring algorithm:
for the (m+1) th iteration, and where the z i elements of z are updated during iteration as and n i is the number of records in the i th herd and T indicates the transpose of a vector.
The starting value for each element in b was zero. Thus, starting values for the scaling factors in l were 1, which is equivalent to not accounting for heterogeneous variances across herds.
The vector of predicted y i were obtained after solving the animal model equations: For each trait, estimates of h 2 and variance components were obtained using Method R (Reverter et al., 1994) from the average of 10 estimates resulting from 10 independent 50% random subsamples of the entire data set to compute the less accurate BLUP. After the multiplicative scaling factors were computed, observations were scaled and new estimates of h 2 and variance components were obtained in the same manner with the aim to fairly compare, and thus detect, changes of individual breeding value predictions across herds, with and without accounting for heterogeneous variances. Furthermore, with these second estimates of genetic parameters, new scaling factors were computed to assess the relationship between possible changes in variance components and deviations of scaling factors from their expectations.
The iteration scheme that was empirically found to give fast convergence for all the traits considered was as follows:
Step 1.
Set b = 0 and let the constant k = 1 for counter.
Step 2.
If k > 2 finish; otherwise, estimate genetic parameters using Method R.
Step 3. Levene's test (Milliken and Johnson, 1992) for homogeneity of variances of the within-herd data adjusted for fixed effects and covariates was conducted before and after the observations were scaled by the converged l. Finally, to assess the impact of heterogeneity correction on breeding value evaluation, product-moment (Pearson) and rank (Spearman) correlations of EBV with and without ignoring heterogeneity of variances were first calculated; then, the mean EBV of the top 10% individuals among those herds with more than 100 animals were calculated. Additionally, each herd rank was computed from the average rank of their individual EBV before and after the observations were scaled.
The Animal Breeders Tool Kit (Golden et al., 1992 ) was used to process data into symbolic representation of matrices and matrix components and solve the system assembled as described in Equation [4] . A performance programmed method using a sparse storage strategy was coded in C language to iteratively execute steps 5 and 6 in the above algorithm.
Results
Tables 2 to 5 present within-herd means, variances, and scaling factors before and after correction for heterogeneity for all traits considered. Also, estimates of h 2 and residual components of variance are given.
For EMA (Table 2) , smaller herds, with the exception of herd 14, seemed to be the least variable. However, this pattern was not observed in the other traits; there was not a particular relationship between herd size and variability. Nevertheless, smaller herds were associated with smaller scaling factors for EMA and WEIGHT (Tables 2 and 5 , respectively). Scaling factors for scanned fat traits, P8, and RIB12 (Tables 3 and 4 , respectively) did not vary with herd size. Instead, means and variances had bigger effects on the relative size of scaling factors for scanned fat traits as well as for WEIGHT; herds with the fatter and heavier animals accounted for the larger scaling factors, which resulted in an overregression toward a more homogenous scenario in subsequent evaluations. Table 6 shows that after correction for heterogeneity, variances of the within-herd data adjusted for fixed effects and covariates were almost equal, which was not the case without correction for heterogeneous variances. Before the heterogeneity correction, Levene's test showed significant differences ( P < .01) in variances due to herd and for all traits considered. After correction for heterogeneity, this same test failed to reject the hypotheses of homogeneity of variances ( P > .10). Linear correlation coefficients between EBV with and without heterogeneity correction were .9926, .9783, .9778, and .9924 for EMA, P8, RIB12, and WEIGHT, respectively. Rank correlations for the same set of traits were .9962, .9930, .9919, and .9963, respectively. However, on a within-herd basis, the herd ranks based on the average rank of their individuals before and after correcting for heterogeneous variance changed considerably, as presented in Table 7 . For all the traits, a rank of 1 is given to the herd with the highest average rank. A rank of 17 is given to the herd with the lowest average rank. Table 7 shows that the numbers of herds erroneously ranked due to ignoring heterogeneity of variances were 10, 14, 10, and 10 for EMA, P8, RIB12, and WEIGHT, respectively. The rank for herd number 9 was not affected for any of the traits, remaining always in the 15th or worse position. A similar pattern was found for the rank for herd number 5, which increased only in one position and for EMA.
Herd number 4 had scaling factors of magnitude less than 1 for all the traits and suffered a considerable increase in its ranking for all the traits. Changes in ranking for all the traits were also observed for herd number 6; ranking increased for EMA and WEIGHT but decreased for the fat measurements. The most extreme changes were detected for herd number 7, which had a change in ranking for all the traits with a decrease by 15 positions for WEIGHT as a result of presenting an extremely small scaling factor (.35531) inflating its variance by a factor of eight.
Because ranking of herds by the average rank of their individuals might be less meaningful if we do not know the variance or differences between mean EBV, herd rankings based on the average EBV of their individuals were computed (Table 8) . In most cases, this new re-ranking was less affected by heterogeneity adjustment. In this sense, the rank for herd number 7 was not affected for any of the traits. Also, herd 1 for P8 decreased in rank by only two positions when the rank was based on the average EBV.
Discussion
Initial Method R estimates of genetic parameters (Table 2 to 5, bottom) from the unscaled data were in close agreement with those reported by Bunter and Upton (1995) from a multiple trait model for the same data set. A small increase of approximately 4.2% was observed in the estimates of h 2 after the data were corrected for across-herd heteroskedasticity. This increase was attributed to the improved fit of the multiplicative model to the data. Table 8 . Herd rank based on the average estimated breeding value of their individuals before (B) and after (A) accounting for heterogeneous variance and for each trait Tables 2 to 5 show that considerable differences in phenotypic variances across herds remained after scaling. These differences were due to differences in fixed and random effects solutions explained by the model but not accounted for by the simple phenotypic variance calculations. After adjusting for across-herd heterogeneity for all traits, values for the new computed variances were still different across herds. This phenomenon was expected because the method presented does not ignore variance arising from differences between levels of additional fixed effects included. Levels of fixed effects were clearly different between herds because herd was actually included in contemporary group definition. Further, differences between solutions for covariates before and after scaling were negligible for all the traits.
However, when data was adjusted for fixed effects and covariates, Levene's test failed to reject the hypotheses of homogeneous variances after the heterogeneity correction. Hence, correction for herd alone accounted for most of the heterogeneity. Milliken and Johnson (1992) suggested Levene's test as opposed to Hartley's or Bartlett's test because it is much more robust in that it is less sensitive to departures from normality but still sensitive to heterogeneous variances.
Smaller herds, with the exception of herd 14, seemed to be less variable. The exception could be because herd 14 had only males. Sex could be an additional source of heteroskedasticity. Indeed, Bunter and Upton (1995) , working with the same data set, reported that genetic correlations between sexes generally were not unity, which may have implications for the calculation of EBV. There also exists the possibility for the within-herd variances not to be homogeneous across years as a result of selection.
These particular patterns found in the smallest herds would suggest the appropriateness of treating individual herd effects as random and thus the need to obtain estimates of the individual herd-year. The model in Equation [1] should then be extended to a first-order autoregressive model (Wade and Quaas, 1993) for which herd-year effects are assumed to be correlated within herds. Three herds had fewer than 50 records because of such data editing as removal of multiple births, single-observation contemporary groups, and calves resulting from embryo transfer and because some individuals were already measured at earlier ages. Thus, a simplification made in this study was that variances were homogeneous within herds across years, that is, the correlation between consecutive years within a herd was assumed to be 1.
In situations with many records per herd, information in the within-herd variance overwhelms the prior information, and individual herd effects can be treated as fixed, which simplifies the model and its computational demands (Meuwissen et al., 1996) . Also, Kachman and Everett (1993) reported that when there are very few observations in each environment, the estimates of the scaling factors will be very sensitive to the amount of heterogeneity present in the population, and convergence will tend to be slow.
Small scaling factors were not necessarily associated with decreases in rank. Examples are herd number 4 for EMA and RIB12, herd number 1 for P8, and herd number 12 for WEIGHT. On the extremes, the smallest scaling factor (.24828) found in herd 7 for RIB12 generated an increase in rank by only two positions. The largest scaling factor (1.96122) found in herd 1 for P8 produced a decrease in rank by six positions. Again, this indicates the appropriateness of the adjustment procedure, because ranking criteria should not matter in the absence of heterogeneous variance.
As a result of adjusting for heterogeneity, an increase from .71 to .83 was found for the correlation between the two herd ranking criteria: the average EBV of their individuals and the average rank of their individuals. Moreover, when we selected the top 10% individuals based on their EBV among those herds with more than 100 animals, a perfect agreement was found after adjusting for heterogeneity and for all the traits regardless of the ranking criteria used. However, when this same test was explored before adjusting for heterogeneity, a disagreement was found for P8 and for WEIGHT (data not shown).
The relative decrease in heterogeneity was reflected by the new scaling factors, which were similar across herds and much closer to 1 than the previous estimates. Deviations from unity were a consequence of the re-estimates of variance components being slightly different from the previous ones, as clearly seen with WEIGHT.
The variance of the unscaled data given the genotype is the residual component of variance. The variance of the scaled data given the genotype is the new estimate of residual variance. Hence, the expected value of the new scaling factors equals the ratio of the previous to the new estimates of residual SD for a given level of h 2 . Thus, for EMA, for which residual variance decreased from 21.948 to 21.771 cm 2 with a slight increase in h 2 by 2.8% (Table 2) , the expected value for the new scaling factors equals 1.00406, coming from (21.948/21.771) .5 . The highest increase in h 2 by 6.8 and 6.4% found for P8 and WEIGHT, respectively, produced new scaling factors that deviated from their expectations. However, having all the new scaling factors less than 1 for WEIGHT was expected because both h 2 and residual variance were increased.
The increase in h 2 observed in all traits after adjustment of the data for across-herd heterogeneity is an indication of the improvement of the breeding value evaluation, which in turn will produce more accurate predictions. Meuwissen et al. (1996) implemented the method for the Dutch dairy breeding value evaluation with over 12.5 million records on approximately .5 million herd-year levels. The authors explored the bias from extreme EBV of selected dams and sires of bulls, which is estimated by the difference between an individual's EBV and its parents' average EBV of the progeny-tested bulls. A reduction by 38% because of the correction for heterogeneity of variance was reported. However, this measure of improvement of genetic evaluation is not suitable when most of the progeny-tested bulls are base individuals, which is the case for the Angus scan data set, and when only 15 of 258 sires had more than 30 progeny, whereas 165 sires had fewer than 10 offspring.
For most individuals, their EBV rank was not drastically affected by correction for heterogeneity. Similar results were reported by Meinert et al. (1988) and Boldman and Freeman (1990) , who found that rankings of animals changed only modestly after adjustment of heterogeneous variance by scaling of observations by a weighted function of the phenotypic SD.
Methods that scale observations by phenotypic SD (Wiggans and VanRaden, 1991; Weigel and Gianola, 1992; Dodenhoff, 1994) will incorrectly scale differences due to, for instance, fixed effects and correction factors, and will alter fixed and random effects solutions. Furthermore, applying the method proposed by Wiggans and VanRaden (1991) or the one proposed by Dodenhoff (1994) requires knowledge of variance components and genetic differences among regions.
Previous experience with the animal model for genetic evaluation in Australia (Jones and Goddard, 1990 ) relied on a simple Bayesian approach to stabilize phenotypic variance. The authors regressed individual herd variances towards a population variance, and data for each herd were divided by this estimated phenotypic SD.
In contrast to models that scale only random effects Gianola et al., 1992; San Cristobal et al., 1993) , the multiplicative mixed model explored in Equation [1] scales fixed and random effects. Fixed effects across strata, such as sex and operator, etc., have an effect depending on the scaling factor. Hence, an assumption for the underlying multiplicative models, also used by Kachman and Everett (1993) , is that differences between sex, operator, etc., are larger in more variable herds.
In agreement with Meuwissen et al. (1996) 
Implications
Current national genetic evaluation programs in Australia generally assume homogeneity of variance across herds. Results from this study indicate that some additional improvement in breeding value prediction and in the rankings of individuals and herds may be gained by correcting for across-herd heteroskedasticity. Heritability estimates increased by an average of 4.2% as a result of heterogeneity correction. The multiplicative mixed model explored
